Abstract The seismic waves from subduction zone earthquakes are significantly affected by the presence of 3D variation in crust and upper-mantle structure around the source area. These heterogeneous structures also profoundly modify the character of seismic waves as they propagate from the source area to regional distances. This is illustrated by studying shallow, interplate earthquakes along the Mexican subduction zone, and deeper, inslab, normal-faulting earthquakes in the subducted Cocos plate beneath Mexican mainland. The strong-motion recordings of these earthquakes are used to evaluate the character of wave propagation along the path between the source region and Mexico City. We compare the wavefield from two large earthquakes of different source type. During the shallow (H ‫ס‬ 17 km), interplate, 1995 Guerrero earthquake (M w 7.3), the Lg phase is the most prominent feature at regional distances of about 150 to a few hundred kilometers from the source. The presence of a lateral velocity gradient in the crust, caused by the subduction of the Cocos plate, enhances the Lg-wave amplitude, which is then amplified further in the Mexican volcanic belt by amplification in the low-velocity volcanic rocks. Both effects lead to very large ground motions along the path from the coast to the Mexican inland, in the frequency band from 0.2 to 4 Hz. However, for the deeper (H ‫ס‬ 40 km), inslab, normal-faulting, 1999 Oaxaca earthquake (M w 7.5), the amplitude of the Lg phase is too small to produce the abnormal wave propagation, and the direct S wave and its multiple SmS reflections between the free-surface and Moho show a simple attenuation with increasing distance. We compare these observations with numerical simulations of seismic-wave propagation using the Fourier spectral method. The results provide a key to the understanding of seismic-wave field generated by shallow interplate and deeper inslab earthquakes in a realistic 3D heterogeneous structure.
Introduction
Mexico suffers damage from interplate earthquakes that originate along the Pacific coast due to the subduction of oceanic plates below the continent. A recent and vivid example is the Michoacan earthquake of 1985 (M w 8.0), which devastated Mexico City, killing about 20,000 people (Anderson et al., 1986) . The damage during the 1985 event was not surprising since Mexico City has repeatedly been struck by coastal earthquakes in the past. During this earthquake, severe ground shaking with a predominant frequency of about 0.3 Hz lasted for more than 3 min in the lake-bed zone of Mexico City located more than 300 km from the plate interface. The extensive damage in the city suggests anomalous source, path, and/or site effects.
Since 1985, significant progress has been made in quantifying and understanding the causes of abnormally large ground motions recorded in Mexico City from the Michoacan earthquake in particular and interplate earthquakes in general. These include source studies (e.g., Campillo et al., 1989; Singh et al., 1988 Singh et al., , 1990 , studies on propagation effects (e.g., Singh et al., 1988; Campillo et al., 1989; Ordaz and Singh, 1992; and local site amplification studies (e.g., Sánchez-Sesma et al., 1988 , 1993 Kawase and Aki, 1989; Chávez-García and Bard, 1994; Chávez-Garcia and Cuenca, 1996) .
The Mexican mainland is also vulnerable to large, normal-faulting, inslab earthquakes that occur in the subducted ocean plate. There are many recent examples. The earthquake of 15 January 1931 (M 7.8, H ‫ס‬ 40 km) caused severe destruction to the City of Oaxaca (Barrera, 1931; ; the earthquakes of 28 August 1973 (M w 7.0; H ‫ס‬ 82 km) and 24 October 1980 (M w 7.0; H ‫ס‬ 65 km) resulted in deaths and damage in the states of Veracruz, Puebla, and Oaxaca (e.g., Singh and Wyss, 1976; Yamamoto et al., 1984) . The recent earthquake of 15 June 1999 (M w 7.0, H ‫ס‬ 60 km) caused damage in the state of Puebla, especially to colonial structures in and near the city of Puebla . The 30 September 1999 Oaxaca earthquake (M w 7.5; H ‫ס‬ 40 km) was damaging to the city of Oaxaca and many towns along the coast and between the coast and the city of Oaxaca (Singh et al., 2000b) . Such severe damage of low-rise building in the towns may have been caused by higher frequency ground shaking over 3 Hz.
There are only a few strong-motion recordings of inslab earthquakes that occurred prior to 1985. Although the seismic instrumentation has rapidly increased in Mexico beginning in 1985, significant inslab earthquake recordings only became available beginning in 1994. For this reason, the source studies of previous earthquakes were based on teleseismic recordings (e.g., Singh and Wyss, 1976; Gonzalez-Ruiz, 1986 ). The estimation of ground motion from inslab earthquakes was based on isoseismic intensities. For example, Singh et al. (1980) reported that the areas with modified Mercallli intensities (MMI) of V and VI for inslab earthquakes were significantly larger than the corresponding areas for interplate earthquakes of the same magnitude. Since the seismic intensities are related to highfrequency ground motion of over 2 or 3 Hz, the larger MMI would imply higher stress drop during inslab earthquakes as compared to interplate earthquakes. Chávez and Castro (1988) investigated attenuation of the MMI for Mexican earthquakes and reported that at epicentral distances of less than 200 km the attenuation was greater for interplate earthquakes than for inslab ones. The opposite was the case at greater distances.
In the past seven years, several significant inslab earthquakes have occurred in the subducted Cocos plate below Mexico. These events were well recorded by the Mexican broadband seismograph network and the strong-motion array, permitting detailed source studies of some of these events (e.g., Mikumo et al., 1999; Quintanar et al., 1999; Hernandez et al., 2001; Iglesias et al., 2002) . The data were also used to derive empirical attenuation relations (Singh et al., 2000a; Garcia et al., 2001; Iglesias et al., 2002) . Pacheco and Singh (1995) analyzed waveform from broadband seismographs and strong-motion network in Mexico, which demonstrated significant differences in the amplification of seismic waves in the Valley of Mexico from interplate and inslab events. These studies capture, in a gross sense, the characteristics of the seismic-wave propagation from inslab sources but do not analyze the observed waveforms in terms of the depth of the source and its type acting in a complicated 3D crust and upper-mantle structure.
The effect of the source type and its depth on the wave propagation characteristics and the attenuation functions for both the lower-(Ͻ0.5 Hz) and higher-(Ͼ3 Hz) frequency wave field is an important issue for understanding of the strong ground motion during destructive earthquakes and for estimating the damage expected for future scenario earthquakes. The aim of this study is to understand the wave propagation and attenuation character of Mexican interplate and inslab earthquakes and to investigate the effect of 3D heterogeneous structure on the propagation of seismic wave at regional distances. In a previous article, examined the effect of the structure of the subducted plate on the regional wave field as illustrated by the observations from the interplate 1995 Guerrero earthquake (Anderson et al., 1995) (M w 7.3; H ‫ס‬ 17 km) . In this study we analyze the waveforms from strong ground motion network and broadband seismographic stations of the normal-faulting, inslab 1999 Oaxaca earthquake (M w 7.5; H ‫ס‬ 40 km) and compare them with those from the 1995 earthquake. We will focus on the difference in the character of the regional wave field from these different types of sources and study the attenuation of seismic waves as a function of frequency and source type.
To compliment the observations and gain further insights into the complicated seismic waveforms resulting from a 3D structure, we conduct numerical simulations of seismic-wave propagation using the Fourier spectral method. In the process, we demonstrate the efficiency of 3D modeling that incorporates realistic crustal and upper-mantle structure into the evaluation of strong ground motion from future scenario earthquakes.
The Character of the Regional Seismic-Wave Field in Mexico Figure 1 displays the strong-motion accelerograph network of Mexico and the epicenters of the 1995 Guerrero earthquake (M w 7.3) and 1999 Oaxaca earthquake (M w 7.5), and Figure 2 illustrates the strong-motion records of radial and transverse component of velocity at rock sites along the profile from the coast to Mexico City, covering a distance range of 25 to 440 km. The velocity seismograms were obtained by integration of filtered accelerograms with a bandpass frequency of 0.02-20 Hz to reduce the instrumental noise. For display, each waveform is multiplied by the epicentral distance to compensate for the geometrical spreading, thus facilitating direct observation of abnormal wave amplification and attenuation as a function of epicentral distance.
The records of the shallow, interplate, Guerrero earthquake are characterized, in most part, by large-amplitude Lg waves for epicentral distances beyond 150 km. These waves travel with a wide range of group velocities, ranging between 3.2 and 2.5 km/sec and arrive following a small-amplitude Sn phase.
It is well recognized that the Lg wave, as either the sum of higher-mode surface wave or of postcritical multiple SmS reflections between the free surface and Moho (see e.g., Kennett, 1985; Campillo, 1990) , can propagate in the crustal wave guide at longer distances with less attenuation than the other S phases, such as direct S wave and the mantle Sn wave. Therefore the Lg wave is usually the dominant feature at regional distances from 150 to over 1000 km in continental structure. The Lg phase is usually the prominent arrival in the frequency band between 0.2 and 4 Hz (e.g., Herrmann and Kijko, 1983) . The Lg phase is also greatly amplified as it propagates into the Mexican Volcanic Belt (MVB), at distance of about 240 km from the epicenter, where low S-wave velocity volcanic rocks underlie the surface with an approximate thickness of 2 km (e.g., Shapiro et al., 1997) . The amplitude of the Lg wave from the deeper, normalfaulting, inslab source of the 1999 Oaxaca earthquake (Fig.  2b) is very small as compared to that of the shallow 1995 Guerrero earthquake, because quite a bit of S-wave energy radiates into the crustal wave guide from the deeper event. The waveform from the inslab source displays a higherfrequency Sn phase and larger amplitude SmS reflections at some distances. The large amplitude SmS phases are more distinctly seen on the transverse component.
Compared with the 1995 Guerrero event, the length of the S-wave coda of the inslab earthquake is very short. Even at MVB sites (e.g., stations YAIG, CUIG) the amplitude and length of the SmS phases remain unchanged. Consequently, the amplitude of the S wave from this event decays simply with increasing distances.
The empirical spectral attenuation of seismic waves from interplate and inslab Mexican earthquakes has been studied by Ordaz and Singh (1992) and Garcia et al. (2001) , respectively. The recordings at stations located in MVB were excluded from the analysis in both of these studies. The spectral attenuation function, C(f, R), of the intense part of the ground motion can be described by
where f is the frequency, R is the hypocentral distance, Q is the anelastic attenuation coefficient, V s is the shear-wave velocity, and G(R) is the geometrical spreading term. For interplate earthquakes, Ordaz and Singh (1992) assumed V s ‫ס‬ 3.5 km/sec, G(R) ‫ס‬ R for R Յ 100 km, and G(R) ‫ס‬ (100 R) 1/2 for R Ͼ 100 km, and found Q(f ) ‫ס‬ 273 f 0.66 . For inslab events, Garcia et al. (2001) assumed V s ‫ס‬ 4.5 km/sec and G(R) ‫ס‬ R for all distances and reported Q(f ) ‫ס‬ 276 f 0.57 . The attenuation function is nearly the same for both types of earthquakes in the distance (R Ͻ 500 km) and the frequency range of interest in this study (0.3 Յ f Յ 4 Hz). Figure 3 compares the spectral attenuation of the horizontal ground motion from the 1995 Guerrero and the 1999 Oaxaca earthquakes at 0.5 and 4 Hz. An empirical attenuation function of Ordaz and Singh (1992) for shallow subduction earthquakes of Mexico and Garcia et al. (2001) is also illustrated in the figure.
For the 1995 Guerrero earthquake the spectral attenuation at 0.5 Hz (Fig. 3a) shows a large discrepancy between the observations and the empirical attenuation function at distances beyond 200 km from the epicenter. As we have seen in Figure 2 , this difference arises, mostly, from the dominance of Lg phase in this frequency band and an additional amplification in the MVB. As mentioned previously, Ordaz and Singh (1992) excluded the data from MVB sites in the derivation of the empirical attenuation function. Thus the deviation of the observed data in the MVB from the empirical attenuation function for frequency of 0.5 Hz provides a measure seismic-wave amplification at these sites. The character of anomalous wave propagation in the MVB from the shallow Mexican subduction zone earthquakes has been discussed by Ordaz and Singh (1992) , Singh et al. (1995) and Cárdenas et al. (1998) and is considered to be the cause of the large and long duration of ground motion at Mexico City during the damaging earthquake (Cárdenas et al., 1997; Shapiro et al., 1997; Iida, 1999) .
At the higher frequency of 4 Hz, the amplitude of both interplate and inslab earthquakes decays monochromatically with increasing distances, which are in good agreement with the corresponding empirical attenuation functions, although there is large scatter in the observation data of the interplate earthquake. The amplitude of the Lg phase at this frequency is too small to produce the abnormal wave propagation as we have seen in the 0.5-Hz wave field. We can find some localized ground amplitude at distances of about 100 and 280 km from the epicenter caused by the first and second arrivals of wide-angle SmS reflections.
2D Simulation of Seismic-Wave Propagation
To understand the character of the observed recordings during the 1995 Guerrero and the 1999 Oaxaca earthquakes and to examine the influence of the source depth and its type and the structure of the Mexican subduction zone on the features of the seismic-wave field, we conduct 2D numerical simulations using the Fourier spectral method (e.g., Kosloff et al., 1984; Furumura and Takenaka, 1996) .
In the simulations, we use a crustal and upper-mantle structure of the Mexican subduction zone that includes the Cocos plate descending beneath Mexican mainland with an average dip angle of 10Њ. The model is adopted from the works of Valdes et al. (1986) and Valdes and Meyer (1996) , which are based on an analysis of reflection experiment and gravity data. The subducted plate consists of a two-layer, 6-km-thick oceanic crust with relatively low-velocity and high-attenuation material, overlaying a higher-velocity and low-attenuation oceanic mantle. The thickness of the lithosphere is 30 km (Table 1) . We have included surface topography with a maximum height of 2 km above the sea level and a 2-km-thick superficial layer to represent the MVB with slow shear-wave velocity (V s ‫ס‬ 2.0 km/sec) and a quality factor for S wave of 150.
The model covers an area of 512 km in length and 128 km in depth, which is discretized at a uniform grid spacing of 0.25 km, with a 20-grid points buffer zone of Cerjan et al. (1985) in the surrounding area to minimize artificial reflections at the boundaries. This 2D simulation is valid for frequencies up to 4 Hz, which is four times higher than the previous experiments .
We have used a low-angle thrust-fault source at a depth of 17 km to represent the 1995 Guerrero earthquake source and a normal-faulting source at a depth of 40 km for the 1999 Oaxaca earthquake. The source time function is a pseudodelta function (Herrmann, 1979) , which imparts seismic waves with a maximum frequency of 4 Hz.
Interplate Thrust-Faulting Source
Wave-field snapshots of P and SV waves and synthetic seismograms of radial-component ground motion for the interplate earthquakes are displayed in Figure 4a .
In the upper snapshot frame (6 sec) we see the radiation of P and S waves from the source on the boundary between the subducted plate and the continental lower crust. The S wave, with an incidence angle greater than 35Њ at the free surface, is totally reflected back into the crust (24 sec). The shallow-dipping subducted Cocos plate also acts as an efficient reflector for the S wave, which leads to clear multiple S-wave reverberations between the free surface and the dipping plate. By 54 sec, a well-developed Lg-wave train, as the sum of postcritical SmS reflections between the free surface and Moho (or the subducting plate), is clearly seen in the crust. We can observe trapped S-wave energy propagating in the crustal wave guide, which travels long distances without attenuation (96 sec). We can also note multiple Swave reflections between the free-surface and midcrustal interface (i.e., the Conrad discontinuity), so that the sum of these reflections produces a dense V-shape wave train propagating in the crust (96 sec). Synthetic seismograms of the radial-component ground velocity for the shallow interplate event are displayed in Figure 4a , where regular pattern of multiple SmS and Conrad reflections are clearly seen at distances over 150 km. The Lg-wave train arrives with a group velocity between 3.2 and 2.5 km/sec, in good agreement with the observations (Fig.  2a) . The amplitude of the Sn head wave is too weak to discern in the seismograms, which also agrees with the observations. The weak mantle Sn phase is in consequence of small fraction of S-wave energy leaking from the crust to the mantle.
Inslab Normal-Faulting Source
Snapshots of seismic-wave field and synthetic seismograms for an inslab earthquake, displayed in Figure 4b , show a markedly different pattern of seismic-wave field as compared to that for the shallow source.
In the first frame of the snapshots (6 sec), we see the radiation of the S wave from the source inside the plate. The S wave impinges upon the free surface with a small incidence angle of about 10Њ at a distance around 30 km from the epicenter and causes large ground oscillations there. The small angle of incidence of S wave at the free surface produces very large S to P conversion, which dramatically weakens the S-wave reflections (21 sec). The S phase is further weakened on reflection from the subducting plate and the Moho, most of the energy leaking into the mantle (42 sec, 69 sec). Thus, the reverberating SmS phase in the crust decreases dramatically in amplitude with propagation through the leaking of energy into the mantle.
The change in the character of regional seismic-wave field as a result of increasing source depth is also clearly seen in the synthetic seismograms (Fig. 4b) . For instance, Sn arrivals are large in the distance range of 120-400 km, with increasing relative amplitudes at larger distances. There are clear multiple SmS reflections in the seismograms with a 15-sec interval between phases. Reflections at the Conrad are very weak for the 40-km-depth source. The amplitude of seismic waves decays in a relatively simple manner with increasing epicentral distance.
Decay Function for Interplate and Inslab Earthquakes
Figure 5 displays decay functions of horizontal motion derived from the 2D simulations of the thrust-fault, interplate earthquake and a normal-fault, inslab event at frequencies 0.5 and 4 Hz. The empirical attenuation functions of Ordaz and Singh (1982) and Garcia et al. (2001) for interplate and inslab earthquakes, respectively, are superimposed on the figure.
As we have seen in the observed seismograms, there is significant difference in the attenuation for the two types of earthquakes, especially at 0.5 Hz where the Lg wave dominates. For shallow, interplate earthquakes, the peak ground velocity starts increasing at distances beyond 200 km from the epicenter. The peak amplitude at 320 km is roughly three times greater than the predicted amplitude from the empirical attenuation function. This observation is in agreement with the results of Ordaz and Singh (1992) . The simulated waveforms from the normal-faulting inslab earthquake show larger amplitude at shorter distance (Ͻ120 km) and slightly larger attenuation than average at longer propagation distances at 0.5 Hz.
At the higher frequency of 4 Hz, the amplitudes for both types of earthquakes decay in a simpler manner with increasing distance than at 0.5 Hz. The simulation result agrees with the observation reasonably well, although there is large scatter in the observed high-frequency (4 Hz) wave field from the interplate earthquake. Localized amplification at distances of 100 and 280 km from epicenter caused by an arrival of wide-angle SmS reflections is also simulated quite well. Figure 5 provides a possible explanation for the observation of Chávez and Castro (1988) . Because of the bump in the attenuation curve for interplate earthquakes beginning about 200 km caused by the amplification in the MVB and large amplitude SmS phases, the attenuation rate changes around this distance. Thus, the attenuation from interplate earthquakes appears slower beyond about 200 km. This is not the case for inslab earthquakes. Figure 6 compares the Fourier spectra computed from synthetic seismograms at epicentral distances of 40, 120, and 320 km. At 40 km, the Fourier amplitude from the inslab earthquake is greater than from the interplate event. However, as the epicentral distance increases, the Fourier amplitudes of the shallow interplate earthquake increase gradually in the lower frequency band of 0.3-4 Hz. At the epicentral distance of 320 km, the amplitude from the interplate earthquake is almost 10 times greater than that for the inslab earthquake in this frequency band.
This figure demonstrates that the heterogeneous crustal structure of the Mexican mainland, which is characterized by subducted Cocos plate and shallow structure of the MVB, acts a good propagator for S waves in the frequency band of 0.3-4 Hz for the shallow interplate earthquakes.
3D Simulation of Mexican Earthquakes
We conducted 3D simulation of seismic-wave propagation from the two Mexican earthquakes to compliment the results of the 2D modeling and to study the character of wave propagation in realistic 3D heterogeneous structure of Mexican mainland.
We employ a Fourier spectral method (PSM) finitedifference method (FDM) hybrid simulation code (Furumura et al., , 2002 for large scale 3D simulation using parallel computers. This combines the Fourier spectral method (PSM) in the calculation of seismic-wave field in the horizontal (x, y) coordinates with the fourth-order finite-difference method (FDM) in the vertical (z) coordinate. The accurate PSM calculation allows large-grid discretization in the horizontal direction, and the localized FDM calculation minimizes the demand for the interprocessor communication for the parallel computing as compared to the conventional parallel PSM (e.g., Reshef et al., 1988; . Therefore, the parallel PSM/ FDM hybrid method offers high parallel performance for large-scale 3D simulation using a large number of processors.
The simulation model is 512 km by 512 km by 104 km, which is discretized with a uniform grid size of 1 km in the horizontal direction and 0.5 km in the vertical direction. The subsurface structure is based on the V p and the density (q) structure derived by refraction experiments and gravity data (Valdes et al., 1986; Valdes and-Meyer, 1996) , the V s structure estimated from the surface wave (Campillo et al., 1996; Shapiro et al., 1997) , the quality factor (Q) from spectral attenuation of S and Lg waves (Castro et al., 1994; Ottemöller et al., 2002) , and the depth of subducted plate from hypocentral data (Pardo and Suárez, 1995; Kostoglodov et al., 1996) . The shape of Moho is derived from the surface topography by assuming 80% isostatic compensation and that the Moho surface is smooth. The model is shown in Figure 7 . We assigned lower velocity (V p ‫ס‬ 4.4 km/sec V s ‫ס‬ 2.0 km/sec) and slightly larger attenuation (Q ‫ס‬ 150) to the 2-km-thick volcanic rocks of the MVB. We assigned a relatively faster velocity for the water layer of V p ‫ס‬ 2.2 km/sec and V s ‫ס‬ 0 km/sec and Q ‫ס‬ 200, because the velocity of water layer is too slow to include in the simulation model. The model includes an accretionary prism along the trench, which has low velocity (V p ‫ס‬ 4.4 km/sec V s ‫ס‬ 2.2 km/sec), a high attenuation (Q s ‫ס‬ 50), a width of about 40 km, and a maximum thickness of about 4 km. Surface topography is not included in the simulation model.
The minimum S-wave velocity of the superficial layer in the 3D model is 2.0 km/sec, so that with sampling of two grid points per shortest wavelength in the horizontal coordinate and four grid points in the vertical coordinate, the PSM/FDM hybrid method can simulate seismic-wave propagation for frequencies below 1 Hz. The 3D simulation took a memory of 8 Gbyte and a wall-clock time of 9 hr using 32 processors of a Fujitsu VPP700E vectorized parallel computer for calculating wave propagation for 210 sec through 7000 time-step computations.
The 1995 Guerrero Earthquake
The fault-slip model for the 1995 Guerrero earthquake we use here is derived from an inversion of strong-motion data (Courboulex et al., 1997) . The slip distribution shows two branches aligned toward the south and east, and maximum slip of over 3 m occurs 10 km south of the hypocenter (Courboulex et al., 1997) and the 1999 Oaxaca earthquakes (Hernandez et al., 2001 ) are also displayed.
at the southern branch. The ruptures propagate bilaterally from the center with a rupture velocity of 2.5 km/sec (Courboulex et al., 1997) .
To allow smooth fault rupture propagation, the fault plane is divided into 450 patches of size 2.5 km ‫ן‬ 2.5 km by linear interpolation, and a double-couple point source is assigned to each subfault. The source-time history of each point source is a pseudodelta function (Herrmann, 1979) with a dominant period of 1 sec. The total seismic moment is M 0 ‫ס‬ 1.31 ‫ן‬ 10 20 N m. Figure 8a shows a set of snapshots of the horizontal ground velocity. In the first frame (21 sec) a large amplitude S wave radiates from the source, and in the second frame (44 sec), an Sn wave propagates to a distance of about 200 km from the epicenter. The sequence of multiple SmS reflections between the free surface and Moho produce large amplitude Lg phase; the duration of Lg-wave train increases as it propagates inland to the Mexican mainland (67 sec). The Lg phase tends to reduce its propagation speed on entering the MVB and acquires a large amplitude through the amplification effect of the low-velocity superficial layer (99 sec).
Synthetic velocity seismograms for the radial and transverse components along the station profile of aaЈ, which lies close to the recording stations shown in Figure 1 , are displayed in Figure 9a . In Figure 10 we display the distribution of the peak ground acceleration (PGA) of the horizontal motion. Larger values of PGA from the source toward inland are clearly seen in Figure 10 . These results, in large part, come from the propagation of the Lg wave and its local amplification in the MVB. The pattern of anomalous inland amplification of PGA agrees well with the observed PGA, although the coverage of strong-motion stations to the southeast of Mexico City is not dense enough to produce a detailed distribution of PGA during the earthquake. We compare the simulated and observed PGA values with that expected from an empirical function of Ordaz and Singh (1989) for interplate Mexican earthquakes in Figure 11 . This function is derived from extensive hard-rock site strongmotion recordings (Ordaz and Singh, 1989) . The simulated PGA values are in good agreement with the corresponding empirical function for hard-rock stations. Larger PGA values at MVB stations also agree well with observations. The 1999 Oaxaca Earthquake Figure 8b shows the snapshots of horizontal velocity from the 3D simulation of the 1999 Oaxaca earthquake, and Figure 9b illustrates the corresponding synthetic seismograms along a profile of bbЈ in Figure 7 , close to the station profile in Figure 2 .
We used the fault rupture model of Hernandez et al. (2001) derived from an inversion using near-source strongmotion records. The slip distribution on the fault shows two areas of 2.5-m peak slip located about 20 km and 40 km northwest of the hypocenter at a depth of about 45 km.
In this calculation the fault rupture is approximated by 630 double-couple point sources arranged on the fault plate with an interval of 2.7 km, and the rupture propagates almost unilaterally from the epicenter to the northwest with a rupture velocity of about 2.7-3.0 km/sec (Hernandez et al., 2001) . Total moment for this earthquake is M 0 ‫ס‬ 1.7 ‫ן‬ 10 20 N m. The snapshot of the seismic-wave field from the deeper source of the 1999 Oaxaca earthquake shows simple characteristics as compared with that from the shallow, thrustfaulting 1995 Guerrero earthquake (Fig. 8) . The simulated PGA distribution shows a relatively simple decay with distance with multiple localized zones of high amplitudes about 200 and 400 km from the epicenter. These zones are produced by arrival of multiple SmS reflections (Fig. 10b) . The amplification at the MVB is insignificant for the vertical incidence of these S phases from the deeper inslab source.
We compare the simulated PGA values with that expected from an empirical function of Garcia et al. (2001) for Mexican inslab earthquakes in Figure 11 . The attenuation character and PGA distribution from the 3D simulation for the 1999 Oaxaca earthquake agrees well with the observations, but the simulated PGA is about half of the observed values. This is because the higher-frequency waves, which are more important from the deep inslab earthquakes (e.g., Singh et al. 2000a) , are not included in the present 3D simulation.
In Figure 9 we display the simulated record sections of horizontal component seismograms along the station profile of bbЈ in Figure 7 . The SmS reflections from this source have larger amplitudes on the transverse component, which also agrees well with the observations.
Discussion
It has long been recognized that the Valley of Mexico is vulnerable to shallow coastal earthquakes that occur on the interface of the subducting Cocos plate, even though the valley is locating over 300 km from the coast. The damage from interplate earthquakes may, in part, be due to the dominance of the Lg wave propagating in the crustal wave guide. The subhorizontal geometry of the subducted Cocos plate acts as perfect reflector for S waves from interplate earthquakes. This can greatly enhance the Lg amplitude in the frequency range between 0.2 and 4 Hz. In volcanic areas, the near-surface structure of low velocity also increases the amplitude and the duration of the Lg wave. Therefore the crustal structure of Mexican mainland acts a good propagator of S-wave energy in the frequency band of about 0.2-4 Hz. This frequency band is closely related to the resonant frequency of the clay layers in the lake-bed zone of Mexico City (0.3 to 0.7 Hz) (Singh et al., 1988) , so the Lg wave should acquire an additional amplification there (Campillo et al., 1988; .
However, when the event occurs inside the plate, the S wave radiated from the deeper source and its SmS multiples in the crust impinges upon the surface with almost vertical incidence angle. This is a major loss of S-wave energy by conversion to a P wave at the free surface. The amplification due to the shallow structure of the MVB is also insignificant for near-vertical incidence of the S wave. Since the waveform from the inslab earthquake is characterized by the Sn wave and some isolated weak SmS multiples, the duration of ground motion is much shorter than during interplate events with prolonged Lg-wave trains. The result is that the S wave from inslab earthquakes decays simply with increasing distances for all frequencies. This suggests that the damage area from inslab earthquakes should be smaller than that for interplate earthquakes, unless the stress drops during former events are much higher than for the latter ones. Recent studies on comparing seismic intensities during interplate and inslab earthquakes in Mexico suggest that the ground motions and hence the stress drop involved in the former type of events is higher than in later one (Singh et al., 2000a; Garcia et al., 2001; Iglesias et al., 2001) . Numerical 3D simulation of seismic-wave propagation using a realistic 3D model for the structure of Mexico and adequate source models provides a reasonable representation of the observed ground motion from Mexican subduction zone earthquakes for both a shallow interplate event and a deep inslab event. The model can potentially be used to investigate the pattern of ground motion expected for future events, such as at current seismic gaps, although even using current powerful computers it may still be difficult to provide an adequate resolution of the high-frequency wave field from inslab earthquakes because of the limited knowledge of heterogeneous crust and upper-mantle structure and the source-slip models during the earthquakes. One of the important issues of strong-motion seismology is the evaluation of the damage potential in urban centers and its reduction during future scenario earthquakes. The results of this study suggest that a close link between source studies, strong-motion observations, detailed knowledge of crustal structure, and numerical simulation technology is indispensable to make substantial advances in this direction.
